A method for minimizing thermal effects on silicon-based photonic band-gap ͑PBG͒ structures is demonstrated. The reflectance resonance positions of as-anodized one-dimensional porous silicon ͑PSi͒ PBG microcavities exhibit 3 nm redshifts when heated up to 100°C, which significantly alters the light propagation properties of the structures. By carefully controlling the oxidation conditions of the PSi microcavities, it is possible to reduce the shift to less than 0.5 nm. High-resolution x-ray diffraction experiments directly link variations of the silicon strain during heating to shifts of the reflectance resonance. The pressure change induced by the proper oxidation level can compensate for the effect of the temperature change and, thus, stabilize the resonance position. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1609249͔ For more than one decade, photonic band-gap ͑PBG͒ structures have received a great deal of attention due to their ability to control the propagation of light.
For more than one decade, photonic band-gap ͑PBG͒ structures have received a great deal of attention due to their ability to control the propagation of light.
1,2 PBG materials possess a periodic dielectric function that creates a range of wavelengths in which light cannot travel. Inserting a defect into the PBG structure breaks the periodicity of the dielectric function and introduces a passband into the transmission spectrum. Fabrication of PBG filters, mirrors, waveguides, and lasers has already been demonstrated and these devices are expected to enhance performance in optoelectronic and telecommunications applications. 3, 4, 5 Among the different materials used to prepare such structures, porous silicon ͑PSi͒ is very promising due to its low cost, compatibility with microelectronic technology, 6 and ability to modulate its refractive index as a function of depth. 7 Silicon-based PBG devices could have a significant impact as optical interconnects and switches in the next generation of microelectronic technology. 3, 8, 9 However, before direct applications appear, some key issues remain to be resolved. In particular, as PBG technology matures, temperature stability needs to be addressed. 10 It is critical to the operation of PBG devices that the wavelengths of the forbidden band do not drift when the device is exposed to a variable temperature range. Such a drift could cease the flow of light in the structure.
For example, in PSi microcavities, the position of the reflectance resonance is highly sensitive to changes in the refractive index. Since the refractive index of silicon is temperature dependent, even a small change in temperature could alter light confinement in the PBG. For silicon-based microcavities with very narrow linewidths ͑i.e., ϳ1 nm), 11 this temperature sensitivity becomes even more critical. The operation of an optical switch based on such a structure could change from an off-state to an on-state with small fluctuations in temperature.
Since the refractive index of silicon is also dependent on pressure, adjusting the silicon surface stress could counterbalance the temperature effects. In a recent study, Kim et al. have shown the possibility of alternating between tensile stress and compressive stress in PSi films by changing the oxygen content of the atmosphere during annealing treatments. 12 In this letter, we show that it is possible to minimize the thermally induced drift of the reflectance spectra of PSi microcavities by controlling the oxidation of the structures. The surface stress induced by oxide coverage on the silicon rods counterbalances the increase of the refractive index due to heating up to 100°C.
The PSi microcavities are formed by electrochemically etching ͑100͒ p ϩ silicon wafers (ϳ0.01 ⍀ cm) in a solution of 15% hydrofluoric acid. Our microcavities consist of two 5 period Bragg mirrors ͑50% and 70% porosity layers͒ separated by a defect layer ͑75% porosity͒. Details of the preparation are reported elsewhere. 13 The total thickness of the microcavities is on the order of 4 m. The relationship between the porosity and refractive index of each porous silicon layer is given by the Bruggeman effective medium approximation.
14 After anodization, the microcavities were thermally oxidized in a tube furnace for ϳ10 min under a N 2 or O 2 atmosphere.
In order to observe the thermal effects, a simple heating and temperature measurement system was created for each sample. A current passing through two resistors attached to the back of the sample generated the necessary heat and a thermistor, also attached on the back, was used as the temperature sensing tool.
The specular reflectance of all samples was measured with a Perkin-Elmer Lambda 900 spectrophotometer. A highresolution diffractometer ͑Phillips MRD͒ using a fourreflection Ge monochromator for the Cu K␣ 1 radiation from an x-ray tube was used for the x-ray diffraction experiments. Rocking curve measurements in which the sample angle is varied have been performed.
The reflectance spectra of different microcavities at room temperature are shown in Fig. 1͑a͒ . The position of the resonance depends on the oxidation conditions. As the annealing temperature and atmospheric oxygen content increase, the magnitude of the reflectance blueshift increases. This blueshift with oxidation is produced by a decrease of the refractive index that occurs when the outer layers of the silicon rods are converted to oxide. The more the sample is oxidized, the larger the blueshift. 15, 16 Fourier transform infrared ͑FTIR͒ experiments confirmed that microcavities exhibiting larger reflectance blueshifts have higher oxygen contents and the samples annealed in nitrogen possess very low oxygen levels.
X-ray diffraction results also show the effects of various oxidation levels. Two distinct diffraction peaks are observed in the rocking curves corresponding to the ͑400͒ reflection. The peak at higher angle (S) corresponds to the silicon substrate while the one at lower angle ( P) is due to the PSi layers. 17 As shown in Fig. 1͑b͒ , the greater the oxidation, the more the PSi peak deviates from the silicon peak. The difference ⌬ between the two angular positions is directly related to the lattice mismatch parameter ⌬a/a in the direction perpendicular to the ͑100͒ sample surface by the relation: ⌬a/aϭϪ⌬/tan b , where b is the Bragg angle for the ͑100͒ reflection. All measured values of ⌬a/a for our microcavities are positive, which corresponds to compressive stress and an expansion of the lattice parameter. The measured value of ⌬a/a increases from 1ϫ10
Ϫ3 for the asanodized microcavity to 4.3ϫ10 Ϫ3 for the microcavity annealed in O 2 at 600°C. The compressive stress for the asanodized sample has been attributed to hydrogen coverage of the silicon rods 18, 19 and the increase of ⌬a/a is due to a thicker oxide layer. 20, 21 Figure 2 displays the reflectance resonance shifts of PSi microcavities with various oxidation levels during subsequent heating of each sample over a temperature range of 25-100°C. The curves are reproducible under multiple heating and cooling cycles. The as-anodized microcavity exhibits a systematic redshift up to 3 nm at 100°C. When the microcavity is annealed in N 2 at 700°C, the resonance position is nearly unchanged with a maximum shift of Ϯ0.5 nm during heating up to 100°C. Thus, this is the condition that yields a temperature insensitive microcavity. For microcavities with higher oxidation levels, the resonance progressively blueshifts with heating and the magnitude becomes quite significant for the films annealed in O 2 .
The evolution of the lattice parameter with heating is reported in Fig. 3 . While ⌬a/a decreases for the as-anodized sample, indicating a contraction of the lattice parameter, the lattice parameter of the microcavity annealed at 700°C in N 2
FIG. 1. ͑a͒
Reflectance resonances and ͑b͒ x-ray diffraction spectra of PSi microcavities with different oxidation treatments of approximately 10 min in duration measured at room temperature. Higher levels of oxidation lead to larger reflectance blueshifts and greater strain. In ͑a͒, the depth of the resonance for each sample is not affected by the annealing treatment. While the resonance positions of all the samples were coincident before annealing, the depths of the resonances were not the same. In ͑b͒ the modulations of the PSi peak are likely due to the different porosity layers that constitute the microcavity. The signal intensity of the PSi diffraction peak becomes progressively weaker as it deviates further from the angular position of the silicon Bragg peak. only changes slightly during heating. This key result is consistent with the temperature insensitive reflectance measurements for a microcavity with the same oxidation level. When the oxygen content of the PSi microcavities is increased further, an expansion of the lattice parameter is observed during heating.
The experimental results of the resonance shifts and the variations of the lattice parameter ͑Figs. 2 and 3͒ are clearly correlated. In order to explain why the oxidation condition of 700°C in N 2 leads to temperature insensitive microcavities, the causes of the reflectance and lattice parameter changes must be explained. The position of the microcavity resonance depends on the refractive indices of the constituent PSi layers. The variation of the silicon refractive index during heating can be expressed as a function of temperature and pressure:
The term depending on temperature is always positive and increases during heating (dn/dTϳ2ϫ10 Ϫ4 K Ϫ1 ). 22 However, the sign of the term depending on pressure, with dn/dPϳϪ10 Ϫ11 Pa Ϫ1 , varies based on the sign of ⌬ P during heating. 23 Consequently, proper oxidation conditions can induce a change of the surface stress that is consistent with a pressure effect counterbalancing the temperature dependence of the refractive index. Figures 2 and 3 show that the trends and relative magnitudes of pressure generated in the PSi microcavities are in agreement with the measured reflectance shifts with heating. We first simulate the reflectance resonance position of each microcavity using the appropriate refractive indices based on the Bruggeman effective medium approximation. For the asanodized microcavity, it follows from Fig. 2 that ⌬n ϳ0.013 when the sample is heated to 85°C. 13 Using Eq. ͑1͒, we then conclude that dn/(dT) ⌬T is the dominant term and that ⌬ P is small ͑on the order of Ϫ0.14 GPa). Since lattice contraction in the direction perpendicular to the ͑100͒ sample surface implies decreasing pressure, Fig. 3 confirms that a small decreasing pressure is indeed present in the asanodized sample. A similar analysis can be followed for the oxidized samples. In the case of the PSi microcavity annealed at 800°C in N 2 , ⌬nϳϪ0.010 upon heating to 85°C so dn/(dP) ⌬ P is the dominant term and ⌬ Pϳ2.2 GPa is required to account for the reflectance resonance blueshift. Once again, the corresponding curve on Fig. 3 is consistent since a lattice expansion in the direction perpendicular to the ͑100͒ sample surface implies increasing pressure. Finally, for the temperature insensitive microcavity, we find that the small changes in the lattice spacing map directly to minor modulations of the reflectance resonance position.
Using a change in pressure to balance the effect of temperature on refractive index can be an effective general technique for achieving temperature stabilized silicon-based PBG components. The thermal coefficient of expansion mismatch between the silicon rods (2.5ϫ10 Ϫ6 K Ϫ1 ) and the covering oxide (0.5ϫ10 Ϫ6 K Ϫ1 ) 24 causes strain and consequently pressure in the PBG structure. Furthermore, in the case of the PSi microcavities, enhanced stresses at the interfaces between the different porosity layers that each have different oxide coverage 25 and possible molecular rearrangements on the surface 17,26 also contribute to the change in lattice spacing with heating. An accurate and detailed model to determine the relative magnitudes of the various strains in the as-anodized and oxidized samples will require accounting for the complex morphology of PSi microcavities.
In conclusion, different conditions of oxidation have been used on PSi microcavities. By choosing the appropriate treatment, we have shown that it is possible to minimize the reflectance shift of the resonance that occurs for as-anodized microcavities during heating. Hence, we have achieved temperature stability for one-dimensional PSi PBG microcavities. The general procedure of using a surface treatment to counterbalance the effects of temperature on refractive index should be useful for all silicon-based PBG structures.
